The tphA1 II and tphA2 II A3 II genes of Comamonas sp. E6 perhaps code for the terephthalate (TPA) 1,2-dioxygenase (TPADO). To characterize E6 TPADO, these genes were expressed in a His-tagged form in Escherichia coli, and the recombinant proteins were purified. TPADO activity was reconstituted from TphA1 II and TphA2 II A3 II , indicating that TPADO consists of a reductase (TphA1 II ) and a terminal oxygenase component (TphA2 II and TphA3 II ). TphA1 II contains FAD, and the presence of a plant-type [2Fe-2S] cluster was suggested. These results indicate that TPADO is a class IB aromatic ring-hydroxylating dioxygenase. NADH and NADPH were effective as electron donors for TphA1 II , but NADPH appeared to be the physiological electron donor, based on the kinetic parameters. TPADO showed activity only toward TPA, and Fe 2þ was required for it. The K m values for TPA and the V max were determined to be 72 AE 6 M and 9:87 AE 0:06 U/mg respectively.
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class IB aromatic ring-hydroxylating dioxygenase Terephthalate (TPA) has been identified as a useful starting compound for the industrial production of bacterial metabolites such as 2-pyrone-4,6-dicarboxylic acid (PDC), which can be used in the production of biodegradable and high-functional polymers. 1, 2) PDC is an intermediate metabolite of the protocatechuate (PCA) 4,5-cleavage pathway, and it is known that TPA is degraded via the PCA 4,5-cleavage pathway in some Comamonas strains. [3] [4] [5] In order to achieve PDC production from TPA, it is essential to characterize the function of the genes involved in TPA degradation.
Microbial degradation of TPA has been reported in Comamonas sp. E6, 5) C. testosteroni T-2, 3) C. testosteroni YZW-D, 4) Delftia tsuruhatensis T7, 6) Rhodococcus sp. DK17, 7) and Rhodococcus jostii RHA1. 8) Strain T-2 was first reported to degrade TPA to 1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate (DCD) using TPA 1,2-dioxygenase (TPADO). The resulting DCD was converted to PCA.
3) The oxygenase component of TPADO was purified from strains T-2 and T7, and the molecular weight, substrate specificity, and metal ion dependency were reported from strain T-2. The oxygenase component of TPADO from strain T-2 was estimated to be a heterotetramer ( 2 2 ) composed of two subunits, and , with apparent molecular masses of 49 kDa and 18 kDa respectively. TPADO of this strain required Fe 2þ for its activity, and it showed the activity toward TPA not toward phthalate, isophthalate, or benzoate.
3) On the other hand, the oxygenase component of TPADO from strain T7 was found to be a heterohexamer ( 3 3 ) composed of two subunits, and , with apparent molecular masses of 46 kDa and 16 kDa respectively, 6) but the reductase component of TPADO, commonly required for ring-hydroxylating oxygenase activity, has not been biochemically characterized.
The function of the TPA degradation genes has been partially characterized in Comamonas sp. E6, which degrades TPA via the PCA 4,5-cleavage pathway. 5) This strain has two almost identical gene sets, tphR and tphCA2A3BA1. The genes tphR, tphC, tphA2, tphA3, tphB, and tphA1 were predicted to code, respectively, for an IclR-type transcriptional regulator, a periplasmic TPA-binding receptor, the subunit of the oxygenase component of TPADO, the subunit of the oxygenase component of TPADO, a DCD dehydrogenase, and a reductase component of TPADO, based on the deduced amino acid sequences, heterologous expression, and analysis of mutant strains of E6. Since TPADO activity was obtained with cell extract of E. coli carrying the tphA1 II and tphA2 II A3 II genes, TPADO perhaps consist of TphA1 II and TphA2 II A3 II (Fig. 1) . To confirm this, however, it is necessary to reconstitute the TPADO activity from purified TphA1 II and TphA2 II A3 II .
In this study, we purified the tphA1 II and tphA2 II A3 II gene products produced in E. coli and reconstituted the TPADO activity from the purified components. The enzymatic properties of TPADO, including the kinetic parameters, substrate specificity, and cofactor requirements, were determined. To the best of our knowledge, this is the first report on the biochemical properties of TPADO.
Materials and Methods
Bacterial strains, media, and culture conditions. Escherichia coli strains BL21(DE3) 9) and DH5 10) were used in protein production and DNA propagation respectively. The medium used was Luria-Bertani (LB) supplemented with 100 mg of ampicillin/liter. E. coli transformants were grown at 30 C for protein production and at 37 C for DNA propagation.
Expression of the tphA1 II and tphA2 II A3 II genes in E. coli. The 1.1-kb NdeI-XhoI fragment carrying tphA1 II from pRSFtpa1 5) was inserted into the same sites of the pET-16b vector, resulting in pET-16tpa1, which produces the TphA1 II tagged with 10 histidine residues at the N terminus. A 0.3-kb NdeI-BglII fragment carrying the 5 0 region of tphA2 II from pT7tpa2 5) and the 1.5-kb BglII-XhoI fragment carrying the 3 0 region of tphA2 II and whole tphA3 II from pETtpa23 5) were inserted into the NdeI-XhoI site of the pET-16b vector, resulting in pET-16tpa23, which produced the TphA2 II tagged with 10 histidine residues at the N terminus and native TphA3 II . E. coli BL21(DE3) cells harboring the plasmids were grown in LB medium containing ampicillin. Expression of the genes was induced for 3 h by adding 1 mM isopropyl--D-thiogalactopyranoside (IPTG) when the optical density of the culture at 600 nm reached 0.5.
Preparation of enzymes. IPTG-induced E. coli cells harboring pET-16tpa1 or pET-16tpa23 were harvested by centrifugation and suspended in TG buffer (50 mM Tris-HCl and 10% glycerol; pH 7.0). Cells suspended in the buffer were sonicated and centrifuged at 27;000 Â g for 10 min. The resulting supernatant was then used as a crude enzyme.
Purification of TphA1 II and TphA2 II A3 II . Streptomycin sulfate was added to crude enzyme solutions to a final concentration of 1%. The lysate was kept on ice for 10 min and centrifuged at 27;000 Â g for 10 min to remove nucleic acids. The supernatant was recovered and then centrifuged again at 85;000 Â g for 60 min. Then NaCl and imidazole were added to final concentrations of 250 mM and 100 mM respectively, and the solution was kept on ice for 10 min and then centrifuged at 27;000 Â g for 10 min. Enzyme purification was performed aerobically at 4 C by the following method: The enzyme solution was applied to a 2-ml Ni Sepharose Fast Flow column (GE Healthcare, Little Chalfont, England) previously equilibrated with 20 ml of NB buffer (TG buffer containing 250 mM NaCl and 100 mM imidazole). After the column was washed with 20 ml of NB buffer, Ni Sepharose-binding proteins were eluted with 20 ml of NE buffer (TG buffer containing 250 mM NaCl and 500 mM imidazole). The fractions containing His-tagged TphA1 II (ht-TphA1 II ) and those containing His-tagged TphA2 II A3 II (ht-TphA2 II A3 II ) were applied to a HiPrep 26/10 desalting column (GE Healthcare) previously equilibrated with TG buffer to remove NaCl and imidazole. Glycerol was added to a final concentration of 20%, and the enzyme solutions were stored at À80 C until use.
Enzyme assays. The enzyme activity of ht-TphA1 II was evaluated by NAD(P)H:cytochrome c oxidoreductase assay.
11) The activity measurement system (1 ml) contained 50 mM Tris-HCl (pH 7.0), 240 mM NAD(P)H, 88 mM cytochrome c, and 1 to 2 mg of purified htTphA1 II . Reduction of cytochrome c was monitored by measuring the increase in absorbance at 550 nm. The molecular extinction coefficient at this wavelength of cytochrome c was 21,000 M À1 cm À1 . Measurement was performed at 30 C using a spectrophotometer (model DU-7500; Beckman Coulter, Fullerton, CA). One unit of enzyme activity was defined as the amount of enzyme required to reduce 1 mmol of cytochrome c per min.
TPADO activity was determined by measuring the decrease in the amount of TPA by high-pressure liquid chromatography (HPLC) (Alliance 2690 separation module; Waters, Milford, MA) with a TSKgel ODS-80 column (6 by 150 mm; Tosoh, Tokyo). The 1-ml assay mixture contained FE2 buffer (TG buffer containing 100 mM Fe(NH 4 ) 2 (SO 4 ) 2 . 6H 2 O and 2 mM L-cysteine hydrochloride), 100 mM substrate, 1 mM NADPH, cell extracts of E. coli BL21(DE3) harboring pET-16tpa23 (200 mg of protein) or purified ht-TphA2 II A3 II (20 mg of protein), and ht-TphA1 II (40 mg of protein). Portions of the reaction mixture were removed at various sampling times and analyzed. The mobile phase used for HPLC analysis was a mixture of water (74.5%), acetonitrile (24.5%), and phosphoric acid (1%), at a flow rate of 1 ml/min. TPA and DCD were detected at 240 nm. The retention times of TPA and DCD were 6.6 min and 3.1 min respectively. One unit of activity was defined as the amount of enzyme required to degrade 1 mmol of TPA per min.
The protein concentration was determined by the method of Bradford 12) using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) with bovine albumin as the standard.
Estimation of molecular mass. Sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Laemmli 13) using a Precision plus protein standard (Bio-Rad) as a molecular mass standard. Native-PAGE was performed using 5-20% polyacrylamide gradient gel (Bio-Rad) with a high molecular weight calibration kit for native electrophoresis (GE Healthcare) as the molecular mass standard. Protein bands were visualized by staining with Coomassie brilliant blue R-250. Gel filtration column chromatography was performed using a BioAssist eZ system (Tosoh) with a Superdex 200 column (10 Â 300 mm) (GE Healthcare). Equilibration and elution were carried out with 50 mM sodium phosphate buffer containing 150 mM NaCl (pH 7.0) at a flow rate of 0.5 ml/min. A gel filtration calibration kit (GE Healthcare) was used as the molecular mass standard.
UV-Visible spectra. UV-Visible spectra of purified enzymes and the flavin cofactor were measured in a cell with a 1-cm light path length using a spectrophotometer (model DU-7500; Beckman Coulter).
Identification of the flavin cofactor. Purified htTphA1 II (500 mg of protein/ml) was incubated in boiling water for 5 min, and the denatured protein was removed by centrifugation. The resulting supernatant was analyzed by HPLC equipped with a photodiode array detector (996 photodiode array detector; Waters). The mobile phase used in this analysis was a mixture of water (59.5%), acetonitrile (39.5%), and phosphoric acid (1%) at a flow rate of 1 ml/min. The flavin cofactor bound to TphA1 II was identified by comparing the retention times and UV-visible spectra of the authentic flavin adenine dinucleotide (FAD, retention time at 3.2 min) and flavin mononucleotide (FMN, retention time at 2.7 min). These flavin cofactors were detected at 267 nm.
Optimal temperature and pH. The optimal temperature for TPADO activity on TPA was determined at temperatures ranging from 15 C to 50 C under the assay conditions described above. The optimal pH of TPADO activity was determined in GTAFE2 buffer (50 mM 3,3-dimethylglutarate, 50 mM Tris, 50 mM 2-amino-2-
and 2 mM L-cysteine hydrochloride), adjusted to pH values ranging from 5 to 9.
Substrate specificity. TPADO was incubated with 100 mM of phthalate (OPA), isophthalate (IPA), phydroxybenzoate (PHB), protocatechuate (PCA), gallate (GA), syringate (SA), vanillate (VA), benzoate (BA), or 4-chlorobenzoate (4CBA) under the assay conditions described above for 5 min, and the reaction mixtures were analyzed by HPLC. In the analysis of BA and 4CBA, a mobile phase consisting of a mixture of water (49.5%), acetonitrile (49.5%), and phosphoric acid (1%) was used. Compounds were detected at the following wavelengths: OPA, 224 nm; IPA, 210 nm; PHB, 254 nm; PCA, 260 nm; GA, 272 nm; SA, 274 nm; VA, 260 nm; BA, 227 nm; and 4CBA, 238 nm. The retention times of OPA, IPA, PHB, PCA, GA, SA, VA, BA, and 4CBA were 6.1, 7.2, 6.1, 4.5, 3.9, 6.2, 6.4, 5.1, and 7.2 min respectively.
Metal ion dependency.
To determine the metal ion dependence of TPADO, 500 mM of ethylenediaminetetracetic acid (EDTA) was added to the ht-TphA2 II A3 II solution (5 mg/ml) and kept on ice for 5 min. The TPADO activity of EDTA-treated ht-TphA2 II A3 II (20 mg/ml) was then measured in the presence and the absence of 100 mM metal ions (Fe 2þ , Co 2þ , Cu 2þ , Mg 2þ , Mn 2þ , and Zn 2þ ).
Kinetic parameters. The kinetic parameters of htTphA1 II for NADH and NADPH were calculated from the initial reduction rates of cytochrome c at various concentrations of NADH and NADPH when the initial concentration of cytochrome c was set at 88 mM. The kinetic parameters of TPADO for TPA were calculated from the initial degradation rates (20 s) of TPA at various concentrations when the initial concentration of NADPH was set at 1 mM. The values of the MichaelisMenten constant (K m ) and the max velocity (V max ) were determined from Hanes-Woolf plots.
14)

Results and Discussion
Purification of ht-TphA1 II and ht-TphA2 II A3 II The His tag-fused tphA1 II and His tag-fused tphA2 II A3 II genes were expressed in E. coli BL21(DE3) harboring pET-16tpa1 and pET-16tpa23 respectively under the control of the T7 promoter. SDS-PAGE analysis showed production of the 37-kDa protein in BL21(DE3) harboring pET-16tpa1 ( Fig. 2A) , and production of the 48-kDa and 17-kDa proteins in BL21(DE3) harboring pET-16tpa23 (Fig. 2B) . The sizes of these products were similar to the molecular masses of the deduced amino sequences of His tag-fused tphA1 II (38,861 Da), His tag-fused thpA2 II (48,763 Da), and tphA3 II (17,236 Da). These recombinant proteins were purified to near homogeneity by Ni affinity chromatography (Fig. 2) .
Reconstitution of TPADO activity
In order to determine whether TPADO indeed consists of TphA1 II and TphA2 II A3 II , TPA (100 mM) was incubated with purified ht-TphA2 II A3 II (20 mg) and ht-TphA1 II (5 mg) in the presence of 1 mM NADPH at 30 C for 20 min. HPLC analysis of the reaction mixture indicated complete degradation of TPA and the generation of a peak with a retention time of 3.1 min (Fig. 3) , which was previously determined to be DCD. 5) On the other hand, the reaction mixture containing only ht-TphA2 II A3 II or ht-TphA1 II did not transform TPA (data not shown). These results indicate that TPADO of Comamonas sp. E6 is a two-component enzyme that consists of the terminal oxygenase component (TphA2 II A3 II ) and the reductase component (TphA1 II ).
Molecular masses of ht-TphA1 II and ht-TphA2 II A3 II Gel filtration chromatography using a Superdex200 demonstrated that the molecular mass of ht-TphA1 II was 40 kDa (data not shown). This result indicates that htTphA1 II is a monomeric protein, like other ringhydroxylating dioxygenase reductases. [15] [16] [17] [18] The molecular mass of ht-TphA2 II A3 II was estimated to be 140 kDa and 130 kDa by gel filtration chromatography (Fig. 4A ) and native-PAGE (Fig. 4B) respectively. Based on the molecular masses of ht-TphA2 II (48 kDa) and TphA3 II (17 kDa), ht-TphA2 II A3 II appeared to be an 2 2 heterotetramer, which is the same oligomeric state as TPADO of C. testosteroni T-2, but the oligomeric state of TPADO from D. tsuruhatensis T7 has been reported to be 3 3 . The actual quaternary structure of TphA2 II A3 II ought to be examined by X-ray crystallography.
UV-Visible spectra of ht-TphA1 II and ht-TphA2 II A3 II An NCBI conserved domain search of TphA1 II revealed the presence of a plant-type [2Fe-2S] clusterbinding motif (cd00207), a FAD-binding motif (pfam00970), and an NAD(P)H-binding motif (pfam00175). Air-oxidized ht-TphA1 II (250 mg/ml) had an absorption maximum at 454 nm and double broad absorption at 333 nm and 390 nm, with a broad shoulder at about 560 nm (Fig. 5A, curve 1) . The absorption maximum at 454 nm disappeared when 1 mM NADPH was added to the protein solution (Fig. 5A, curve 2) , suggesting that ht-TphA1 II was reduced by NADPH. These spectral features are similar to those of ring-hydroxylating dioxygenase reductases containing flavin and plant-type [2Fe-2S] cluster. 15, 19) On the other hand, an NCBI conserved domain search of TphA2 II revealed the presence of a Rieske-type [2Fe-2S] cluster-binding motif (cd03545) and an aromatic ring-hydroxylating catalytic motif (cd00680). Air-oxidized ht-TphA2 II A3 II (800 mg/ml) had absorption maxima at 325 nm and 455 nm, with a broad shoulder at about 560 nm (Fig. 5B, curve 1) . The absorption maximum at 455 nm disappeared when 1 mM NADPH and ht-TphA1 II (50 mg/ml) were added to the protein solution (Fig. 5B, curve 2) , suggesting that ht-TphA2 II A3 II was reduced by ht-TphA1 II in the presence of NADPH. The spectral features described above are similar to those of ring-hydroxylating dioxygenases. 17, 19, 20) Identification of the flavin cofactor in ht-TphA1 II To identify the flavin in ht-TphA1 II , the flavin cofactor was released from the purified enzyme by heat treatment. The resulting yellow supernatant was analyzed by HPLC equipped with a photodiode array detector. The yellow chromophore remaining in the supernatant was identified as FAD based on a comparison of the retention time (2.7 min) and the UV-visible spectrum of the authentic FAD (data not shown). Purified ht-TphA1 II contained 0.7 mol of FAD/mol of protein, suggesting that ht-TphA1 II binds one FAD molecule per monomer. Based on the fact that TPADO consists of an subunit and a subunit of the oxygenase component (TphA2 II and TphA3 II ) and a reductase component containing FAD (TphA1 II ), this enzyme is a class IB aromatic ring-hydroxylating dioxygenase according to the system of Batie et al.
21)
Cofactor requirement of ht-TphA1 II In order to determine the cofactor requirement of htTphA1 II , cytochrome c reductase assay was performed with FAD and with FMN in the presence of NADH and of NADPH. Cytochrome c reductase activity depended on NADH (65 AE 7 U/mg) or NADPH (103 AE 9 U/mg), and approximately 1.6-fold higher activity was obtained in the presence of NADPH than NADH. On the other hand, only about 1.1-fold higher activation was observed A, Elution profiles of ht-TphA2 II A3 II and standard proteins by gel filtration chromatography using a Superdex200 column. The molecular masses of the standard proteins are as follows: marker A (thyroglobulin, 669 kDa; catalase, 228 kDa; and albumin, 61.3 kDa), and marker B (ferritin, 437 kDa; aldolase, 178 kDa; ovalbumin, 43.5 kDa; and ribonuclease A, 14.5 kDa). The inset shows an analytical curve based on the elution volumes of standard proteins from the chromatographic results. B, Native-PAGE analysis of ht-TphA2 II A3 II . Proteins were separated on a 5-20% polyacrylamide gradient gel and stained with Coomassie brilliant blue. M, molecular size markers. upon the addition of FAD and of FMN. In the case of the ferredoxin reductases of naphthalene dioxygenase 15) and toluene dioxygenase, 22) significantly higher activity was observed upon the addition of FAD in the reaction mixture. One-step purification by Ni affinity chromatography might have prevented the loss of FAD in ht-TphA1 II .
The kinetic parameters of ht-TphA1 II for NADH and NADPH were determined by cytochrome c reductase assay with various concentrations of NADH and of NADPH. The K m values for NADH and NADPH were determined to be 51 AE 2 and 10 AE 6 mM respectively, and the V max values with NADH and NADPH were 131 AE 5 and 199 AE 16 U/mg respectively. The K m value for NADPH was significantly lower than that for NADH, and the V max =K m value with NADPH was also greater than that with NADH. These results suggest that NADPH is a physiological electron donor of TPADO in Comamonas sp. E6. In general, the majority of reductases of aromatic ring-hydroxylating dioxygenases use NADH as the preferred reductant.
23) The apparent preference for NADPH over NADH is a unique feature of the reductase component of E6 TPADO.
Optimal mixing ratio of ht-TphA2 II A3 II and htTphA1 II The optimal mixing ratio of ht-TphA2 II A3 II and ht-TphA1 II was determined. The oxygenase component concentration was maintained at 20 mg/ml, while the concentration of the reductase was varied from 2 to 200 mg/ml. TPADO activity was measured in a 5-min reaction at 30 C, and maximum TPADO activity (958 mU/mg of TphA2 II A3 II ) was observed in the presence of ht-TphA1 II (200 mg/ml). When 20, 10, and 5 mg/ml of ht-TphA1 II were used, only 54%, 34%, and 10% of maximum activity were observed respectively. In the case of using 2 mg/ml of ht-TphA1 II , activity was no longer detected. Activity was only 5% lower than maximum when 40 mg/ml of ht-TphA1 II was used; therefore, further experiments were performed at a mixing ratio of ht-TphA2 II A3 II and ht-TphA1 II of 1:2.
Properties of TPADO
The optimal temperature of TPADO activity was determined to be 30
C. Approximately 60% of maximum TPADO activity was observed at 15 C, and activity was completely lost when the assay was performed at 50 C. The optimal pH of TPADO activity was 7.0. About 20% of maximum activity was observed at pH 9.0, whereas no activity was observed at pH 5.0.
Since an NCBI conserved domain search of TphA2 II suggested the presence of a non-heme iron-binding domain, the metal ion dependency of TPADO was tested. When ht-TphA2 II A3 II was treated with EDTA, TPADO activity was completely lost. The addition of Fe 2þ restored TPADO activity (>130% activity), but activity was not restored by the addition of Co 2þ , Cu 2þ , Mg 2þ , Mn 2þ , or Zn 2þ . These results indicate that TPADO requires Fe 2þ for its activity. The substrate preference of TPADO was examined using OPA, IPA, PHB, PCA, GA, SA, VA, BA, and 4CBA as substrates. HPLC analysis showed no transformation of these compounds by TPADO, suggesting that TPADO is specific for TPA. The narrow substrate specificity of E6 TPADO indicated the presence of other enzyme systems in E6 involved in the degradation of OPA and IPA. The fact that the tphA2 I and tphA2 II double mutant 5) retained the ability to grow on OPA and IPA (unpublished data) supports the thinking described above.
The K m value was obtained from Hanes-Woolf plots of TPADO activity at 30 C using various concentrations of TPA as substrate. The K m value of TPADO for TPA and the V max value were determined to be 72 AE 6 mM and 9:87 AE 0:06 U/mg respectively.
In conclusion, the present study indicates that TPADO activity was reconstituted from purified ht-TphA2 II A3 II and ht-TphA1 II . This fact and the biochemical features of TPADO from Comamonas sp. E6 indicate that TPADO is a two-component dioxygenase that consists of a terminal oxygenase component (TphA2 II A3 II ) and a reductase component (TphA1 II ), and that it is a class IB aromatic ring-hydroxylating dioxygenase.
